PCT 



WORLD imHIKTUAL PROPERTV ORGANIZATION 
Internationa] Bureau 




INTERNAHONAL APPUCATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) lateraational Patent Classification ^ : 

HOIM 6/18 



Ai 



(11) International Publication Number: 
(43) Internationa] Publication Date: 



WO 95^4311 

26 May 1995 (26.05.95) 



(21) loteniational AppUcation Number: PCT/US94/ 12297 

(22) InternaUonal Filing Date: 26 October 1 994 (26. 1 0.94) 



(30) Priority Data: 

08/155,059 



19 November 1993 (19.1 1.93) US 



(71) Applicant: OVONIC BATTERY COMPANY. INC. [US/US); 

1707 Northwood, Troy, Ml 48084 (US). 

(72) Inventors: OVSHINSKY. Stanford. R.; 2700 Squirrel Road. 

Bloomfield Hills. MI 48013 (US). YOUNG. Rosa; 1490 
Brentwood, Troy, Ml 48098 (US). 

(74) Agents: LUDDY, Marc, J. ct al.; Energy Convcnion Devices. 
Inc.. 1675 West Maple Road, Troy, MI 48084 (US). 



(81) Designated States: AU. BR, CA, DK, FI. JP. KR. NO, RU. 
UA. European patent (AT. BE. OR DE, DK, ES. PR. GB. 
GR, IE. rr. LU. MC, NL. PT. SE). 



Published 

With insernational search report. 



(54) Title: A SOUD STATE BATTERY USING AN IONIC OR PROTONIC ELEtTTROLYHE 



5 ~1 




3 




5 




3 




1 





6 
4 
7 
4 

2 



(57) Abstract 

A solid state battciy comprising a substrate (1); at least one multilayered electrochemical cell deposited onto the substrate (I) the 
mululaycrcd electrochemical cell comprising: a layer of ncgauvc electrode material (3) capable of cicctrochemically adsorbing and dcsorbing 
lOTS dunng charge and discharge; a layer of posiUvc electrode material (5) capable of cicctrochemically dcsorbing and adsorbing ions during 
charge and discharge; and a layer of insulating/conducting material (4) disposed between the layer of positive electrode material (5) and 
the layer of negative electrode material (3). where the layer of insuUting/conduaing material (4) is electrically insulating and capable of 
radily conducting or transporting ions from the layer of posiUve electrode materia] (5) to the layer of negative electrode material (3) while 
the battery is chargmg and from the layer of negative electrode material (3) to the layer of posiUve electrode material (5) whfle the battery 
IS discharging; and an electrically conducUve layer (6) deposited aiop the last of the at least one multilayend electrochemical cells, the 
ekctncally conductive layer (6) providing one battery terminal. ecus, me 
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A SOLID STATE BATTERY 
USING AN IONIC OR PROTONIC ELECTROLYTE 

FIELD OF THE INVENTION 

The present invention relates oenerally to solid state ionic conductors and more 
spectficalty to electrically insulating ionic conductors useful as solid state electrolyte and thin- 
film all solid state batteries employing these ionic conductors. 

BACKGROUND OF THE INVENTION 
Rechargeable batteries are used in almost every aspect of daiiy life. A wide variety 
of irKfustrial. commercial and consumer applications exist. Larger capacity battery uses include 
such applicatbns as forte lifts, golf carts, uninterruptable power supplies for protection of 
electronic data storage, and even energy storage for power production facilities. When electric 
vehicles are manufactured in mass, demand for low weight, high charge capacity batteries will 
be greater than ever l>elore- Indeed, to make mass use of electrc vehicles economically 
feasible, very high specific capacity may be critically necessary. 

In electric vehicles, weight is a significant factor. Because a large component of the 
total weight of the vehicle is the weight of the batteries, reducing the weight of the cells is a 
significant consideration in designing batteries to power electric vehicles. 

The 1998 California Clean Air Act has posed an exceptional challenge on battery 
scientists and engineers to develop an improved battery that can support the commercialization 
of electric vehicles (EV). Needless to say. the law has not changed the reality of battery 
technology. In over 100 years of rechargeable battery usage, two chemistries namely: Pb- 
PbOj (knovOT) as lead-acid battery) and Cd-NiOOH (known as Ni-Cd battery) have dominate 
with more than 90% of the market. Neither of the two are likely to fulfill the Utopian goals of 
powering an electric car that will match the range, economy, and performance of an internal 
combustfon engine vehicle. Therelore, battery scientists and engineers are forced to study new 
battery chemistries. 

In adrfrtton to industrial, commercial and other large scale uses of batteries, there are 
literally thousands of consumer applfcatfens of rechargeable batteries. A rechargeable 
electrochemical cell is ideally suited to serve as a portable power source due to its small size, 
light weight, high power capacity and long operating life. A rechargeable cell may operate as 
an -install and forget" power source. With the exception of periodic charging, such a 
rechargeable cell typically performs without attentfen and rarely becomes the flmiting factor in 
the life of the device it powers. 

Present rechargeable battery systems can be classified into two groups those 
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employing liquid electrolytes and those employing solid electrolytes. Liquid electrolyte systems 
have been around for many decades and are the most weU known to the general public. 
Examples of liquid electrolyte rechargeable battery systems incLde lead*acid. nickel cadmium, 
and the more recent nickel-metal hydride systems. 

A more recent advancement is the solid electrolyte rechargeab' i battery systems. The 
solid electrolyte devices have several distinct advantages over those based on iqukJ 
electrolytes. These include (1) the capabtfrty of pressure-packaging or hard encapsulation to 
yield extremely rugged assemblies* (2) the extension of the operating temperature range since 
the freezing and/or botling-off of the liquid phase, which drastically affect the devk:e 
performance when employing liquid electrolytes are no longer a conski6ratk)n, (3) solkf 
electrolyte devices are truly leak-proof, (4) they have long shelf life due to the prevention of the 
corrosion of elearodes and of loss of solvent by dryirig out which occur when using tk^ld 
electrolytes, (5) solid electrolytes permit mcro-miniaturization, and (6) the do not require heavy, 
rigid battery cases whk:h are essentially "dead weighr because they provide no additk>nal 
capacity to the battery but must be included in the total weight thereof. 

All of the above considerations have led to a growing use of soRd electrolytes. Solid 
state batteries and timers are already available which employ the soiki electrolyte as a 
cylinclrk:a] pellet with suitable electrodes on either skie. However, this kirKl of geometry leads 
to somewhat poor solkl-solkj contacts and these devices tend to have high internal resistances 
and polarization losses. These problems have been overcome by the use of thin films as the 
electrolytes, since thin films deposited on top of each other have excellent contacts and shouki 
also be able to withstand shocks, acceleration forces and spin rates without undue damage. 

In forming such a battery system, a solkj ton conductor (i.e. solid electrolyte) 
for moving ions within the system is required. A soUd electrolyte is classified by its type of 
movable ton, such as Li^-conducttve solid electrolyte, Ag'-conductive solkl electrolyte. 
Cu"-conductive so&d electrolyte, HT-conductive solkJ electrolyte, etc. A solkf electrochemical 
element is constituted by corrtMning one of these so&d electrolytes with an appropriate 
electrode material. Several solid electrolytes are known to exhibit good tonfc conductivity, some 
of whk:h exist In the form of thin films. OxkJe ton conductors such as zirconta are operated at 
high terrperatures due to their tow conductivily at ambient temperatures. Chloride ton 
conductors such as PbCl^ and BaCI, have similar tenperature restrictions. Silver ton such as 
AgBr, AgCI, and Agl also show tow room temperature ionic conductivity. 

Of the thin-film, solid state battery systems, lithium-polymer batteries have received the 
most widespread interest. Reports in 1979 that lithiated poly-ethyler)e-oxide (PEO) possesses 
lithium ton conductivity raised the expectattons for a solid state battery emptoying PEO as solto 
electrolyte. Indeed, if PEO, or other polymers, were a true solto electrolyte with practical tonto 
conductivities and a cattonto transfer number of 1 , a stable Interface with th lithium electrode 
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and good charging uniformity could be realized. The expectations, no dout)t, were stimulated 
by the relative success of the tme solid electrolyte '6" Alumina. In the Sodium Sulphur battery. 

More recently, several researchers proposed the use of "ptastictzed polymers' to 
enhance conductivity at room temperature. Although the term 'Vlasticized polymers" is the 
correct material science terminology for the materials, they are in effect rK> different than a 
battery separator filled with organic solvent and electrolyte. In this case, we are back to liquid 
filled systems wfth all the old unsolved fur>damental problems and several new ones. 

Solid electrolytes consist of sold atomic structures which selectively conduct a specific 
ion through a network of sites in a two or three dimensional matrix, tf the actlvatbn energy for 
mobility is sufficiently tow, the solid electrolyte can serve as both the separator and electrolyte 
In a battery. This can allow one to fabricate an all solid state cell. 

An Important aspect of such electrolytes is that they selectively conduct only one type 
of ion. If that ion features reversible electrochemistry with both the positive and negative 
electrode of the battery, and it the solid electrolyte itself Is inert to the electrodes, the cett will 
enjoy a uniform and reversible electrochemistry with no corT^>osition change and rv) passivation 
or side reactions. 

While tnje sofid electrolyte lithium conductors would not exhrt}it the inherent problems 
of Li-polymer systems described herein below, all polymer electrolytes reported to date are rx)t 
taie solid electrolytes. The oorxluctivity occurs in an amorphous zone that conducts anions 
better than it conducts lithium ions (the transfer number of lithium is less than 0.5). As such, 
ion ooncentratk>ns in the electrode surface are variable and irreversible reactions between the 
anion and the lithium electrodes do occur. The combination of the two effects brings about 
partial passivation of the lithium surface with rwn uniform derxfritic plating on charge. 
Additionally, the conductivity of the polymer electrolyte is too k>w, typically two to four orders 
of magnitude k>wer than that of aqueous electrolyte. Also, the electrode area required for a 
20 kwh battery is 42 m^ for Ni-Cd batteries and is 1610 for U-Potymer batteries. This data 
clearly conveys that in order to deliver acceptable power levels for EV appficatk>ns. lithium 
polymer batteries wilt require nearly two orders of magnitude, larger electrode area per ampere 
hour than a higher power density Ni-Cd battery. Given that electrode processirtg is the most 
expensive component in battery production and that the cost of electrode processing is nearly 
linear with electrode area, the cost implications of the design are astonishing. 

In addition to cost, safety of Li batteries, particularly Ik^uid electrolyte systems, is always 
a problem. The single n)ost important reason rechargeable lithium batteries have not been 
successful in the market place is their poor safety record. Most research groups that have 
worked on rechargeable lithium cells have "personally experienced" explosbns. and exptostons 
have occurred in the field. The problem can be diagnosed as follows: l) lithium plating is 
dendritic. 2) dendrites ventuaily short through the separator, 3) shorted cells heat up during 
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charging, 4) shorted cells will go into reversal durir^g f uU battery discharge. 5) low capacity cells 
wiU go irtto reversal during fuU batteiy discharge, 6) in reversal, lithium is likely to plate on the 
cathode which can cause direct chemical reaction between cathode material and lithium, 7) 
processes 3 and 6 can generate enough heat to melt lithium (165 Centigrade), and a) molten 
lithium is an extremely strong reducing agent which wUI react with most organic and Inorganic 
materials. An explosion could occur depending on: (a) the amount of lithium in the cett, (b) the 
surface to volume aspect ratio of the cell, (c) the reactivity of the other cell components to 
mhium, (d) thevapor pressure of the products, and (e) the vent desiga 

Battery design should be aimed at minimizing the risk of lithium melt down. Given that 
it is extremely unlikely that lithium melt down can be completely avoided in mass usage of large 
rechargeable lithium batteries, it is esserttial to guarantee non exploswn when the melt down 
does occur. Dry polymer electrolyte offers some improvement with regard to exposition when 
compared to high vapor pressure lk?uid electrolyte. However, that improvement is counteracted 
by the need for a very thin separator. Overall the likelihood of ensuring explosion free melt 
downs in large cells and batteries is diminutive. 

Cells utilizing polymer electrolytes that contain organic solvents, are as ISceiy to be 
explosive as cells with standard (polymeric) separator and liqukf electrolytes. In this case, 
depending on cell design, common experience places the explosion threshold in the 0.5 to 5 
Ah size range; two orders of magnitude smaller than what Is required tor an EV battery. It 
shouti be noted that a cycled Gthium electrode Is more prone to explosion tfian a fresh 
uncycled one. While this fact has been known for quire some tine, lithium polymer battery 
developers have shied away from publishing safety test data on cyded celts. 

In spite of its safety problems, there is a continued interest in lithium batteries because 
of their purportedly high power density. This feature makes rechargeable lithium batteries 
attractive. Theoretical energy densities of most rechargeat>le lithium chemistries are two and 
a half to three times higher than that of Pb-Acid and Ni-Cd batteries. Indeed, Ikiukj electrolyte 
rechargeable lithium batteries could be made to deliver up to ISO Wh/Kg and 200 Wh/liter. 
This is about three times higher than the practical gravimetric energy density delivered by the 
best Ni-Cd batteries and four times higher than the practteal gravimetric energy density 
delivered by the best Pb-Acid batteries. However, the design of the Blhium polymer batteries, 
driven by the poor conductivity of the polymer electrolyte, is very volume Inefficient 
Specifically, the separator occupies 30% of the stack volume, carbon is added to the positive 
electrode in concentration of up to 30% and the positive electrode utilization is poor. Thus, the 
practical energy density is likely to be conskJerably tower than of what can be achieved wtth 
liquid electrolyte. Estimated deliverable energy density of Uthium polymer batteries Is 15-20% 
of the theoretical energy density. This translates to (using 485 Wh/Kg as theoretfcal maximum) 
approximately 70 to 100 Wh/Kg at best. Most likely, compromises that wUl have to be made 
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to inprove manutacmirabilrty. safety and cycle life beyond the current laboratory state-of-the-art 
techrwiogy. This will have the effect to reduce the practical energy density to even below the 
values proposed above. The power capability of a battery depends upon the physical and 
chemical properties of the cell components as well as the cell design, Uthium polymer battery 
developers are trying to counteract the poor inherent conductivity of the polymer electrolytes 
by reducing the electrode and separator thickness. Because practical manufacturing reality is 
likely to impose increases in the electrolyte thickness from approximately 2 to 4 mil. the power 
deliverable by the cell is likely to drop by.30 to 50%..^.x. - 

An area that requires closer attentk)n is power degradatton over life. The main 
degradation mechanism of the cell involves in-eversijle reactions between lithium and 
electrolyte. This reduces the conductivity of the electrolyte as well as increases the impedance 
of the Uthium electrode due to the formation of passive films; both effects reduce the 
deliverable power from the battery. Because the cyde life of the lithium polymer battery is 
short, significant degradation in power is likely to occur in less than 100 cycles. 

Other problems arise from real life usage and requirements placed upon battery 
systems. Traction batteries are assembled from a string of indivkjuat cells connected in series. 
During both charge and discharge, the same amount of current wiH pass through aR the eels. 
In practical manufacturing and usage, it is impossible to keep all cells at exactly the same state 
of charge. This forces a weak cell in a battery to go irtto reverse during deep discharge and 
some cells to go into overcharge during full charge. For a battery to operate at deep discharge 
cycles, it is essential that individual cells tolerate reverse or overcharge without damage or 
safety implications. 

Lithium batteries are very poor in this respect. Over discharge wai result in ptatlng 
lithium on the positive electrode which can result in a spontaneous chemcaf reactk)n with 
severe safety Implications. Overcharge is likely to result in electrolyte degradation that can 
generate some volatile gasses as well as increase cell impedance. These problems are 
particularly severe tor lithium cells because: 1) degradation occurs tkinng cyde life, therefore, 
even if initial capacities are matched very closely, it is unreasonable to expect that the 
degradation rate will be identical for all cells, 2) the ceils tend to devek>p soft or hard shorts, 
thereby making it impossible to maintain the cells at the same state of charge at all times, and 
3) cell capacity is dependent on temperature, therefore cells that are physically cooler due to 
their location will deliver less capacity than others. These conditions make the l3(elthood of cell 
reversal, relatively early in the life of the battery, very high. Of course, cell reversal is likely to 
result in venting and or explosion. 

It has been propose to install individual diode pn^tection for all cells which could be an 
expensive, although practical, solution for a portable low watt-hour battery. The increased cost 
and reduced reliability assodated with this solution makes this very undesirable for an EV 
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battery. Plus, the inherent lack of overcharge and over discharge capability eliminates any 
posstoility of ever developing a rechargeable lithium-polymer battery of a bipolar design. 

An additional problem with the conrunerdalizalion of Li-polymer batteries is their high 
cost. It is difficult to assess the cost, although clearly, processing cost per watt-hour should 
be much higher than that of traditions* batteries. Raw material costs are clearty higher than 
Pb-AckJ, although, it may be simaar to Nl-Cd. The cost of raw material wUt rise due to high 
purity requirements. There are convincing reasons to expect that lithkjm polymer batteries, if 
ever made commercially, will be considerably fnore expensive than Ni-Cd batteries considering 
that: 1) primary Li-luinOa cells, which are in mass production, are stitt more expensive than Ni- 
Cd cells. 2) the purity requirements for a secondary cell are much higher than that of a primary 
ceU. and 3) the electrode area per watt-hour of a lithium polymer secondary battery wBI be 
approximately an order of magnitude larger than that of a primary U-MnO^ battery. 

Even more problematic than the cost factor is the low cycle life of the lithium polymer 
batteries, which is particularly important in £V applications. SmaB rechargeable lithium 
batteries employing organic liquid electrolyte have delivered 100 to 400 cycles in laboratory 
tests, it is anticipated that lithium polymer electrolyte batteries of the same size could be made 
to deliver a comparable number of cycles. However, all the data published to date on fithium 
polymer batteries was tun on cells with a very targe amount of excess lithium, therefore, no 
conclusion can be drawn at this stage. 

The cycle IHe of a large nujtti celi battery is likely to be considerably kxwer than that of 
a smaB two-cell battery. Additional reduction of the expected cycle life results from 
consideration of the fact that the battery will be limited by the weakest ceil, and as prevk»isiy 
mentioned, the likeUhood of temperature or electrical Imbalance is high. Further, power may 
degrade faster than capacity, so cycle fife could become limited due to an unacceptable drop 
in power. Therefore, It is probably a fair assumption that if a fuD size k>attery was buit at 
today's state-of-the-art technology, it could possibly make 100 cycles or so. which Is about an 
onjer of magnitude short of what is required for an EV. 

Therefore, since lithium-polymer batteries wiU be inadequate to meet today's 
requirements for a universally acceptable, thin-film, solid state rechargeable secondary battery 
system, other solid state systems need to be developed. The solid state battery systems of 
the present invention meet the requirements discussed hereinabove and provide gravimetric 
and volumetric energy densities of unparalleled pertormance. 

Metal hydride negative electrode materials were originally classified as AB2 based 
material or AB5 (mischmetai) based materials. Modem metal hydride negative electrode 
materials are afl multiphase muiticomponent materials otten referred to as Ovonk; materials. 
These materials are discussed in detail In U.S. Patent Application No. 07/ 934,976 to Ovshinsky 
and Fetcenko, the contents of which are incorporated by reference. 
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The first hydrogen storage alloys to be investigated as battery electrode materials were 
TiNi and LaNiS. Many years were spent in studying these simple binary intermetallics because 
they were known to have the proper hydrogen bond strength for use in electrochemical 
applications. Despite extensive efforts, however, researchers found these intennetalltcs to be 
extremely unstable and of marginal electrochemical value due to a viriety of problems such 
as slow discharge, oxidation, corrosion, poor kinetics, poor catalysis, and poor cycle life. The 
initial use of these simple altoys for battery applications reflect the traditional bias of battery 
developers toward the use of single element couples of crystalline materials such as NICd. 
NaS. LiMS. ZnBr. NiFe. NiZn. and Pb-acid. In order to improve the electrochemical properties 
of the binary intermetallics while maintaining the hydrogen storage efftoiency. earty workers 
began modifying TiNi and LaNiS systems. 

The modif k:ation of TiNi and LaNiS was Initiated by Stanford a Ovshinsky at Energy 
Conversion Devices (ECD) of Troy. Michigan. Upon a detailed investigation. Ovshinsky and 
his team at ECD showed that reliance on simple, relative!/ pure compounds was a maior 
shortcoming of the prior art. Prior work had determined that catalytic actk)n depends on 
surface reactions at sites of irregularities in the crystal stnicture. Relatively pure compounds 
were found to have a relatively tow density of hydrogen storage sites, and the type of sites 
available occun-ed accidently and were not designed into the bulk of the material. Thus, the 
efficiency of the storage of hydrogen and the subsequent release of hydrogen to form water 
was determined to be substantially less than that whk:h would be possible tf a greater number 
and variety of active sites were available. By engineering a disordered material having an 
ordered k)cal environment, the entire bulk of the material can be provided w'tth catalytically 
active hydrogen storage sites. Ovshinsky had previously found that the number of surface sites 
could be increased by making an amorphous film that resembled the surface of the desired 
relatively pure materials. See. Principles and Applicattons of Amorphlcity. Stnictural Charge. 
ar)d Optical Information ErKXXfing. 42 Journal De Physique at C4-1096 (October 1981). 

Thus, rather than searching for material nrx)difications that vioM yield ordered materials 
having a maximum number of accidently occuning surface irregularities* Ovshrrtsky arKt his 
team at ECD began constructing 'disordered" materials where the desired irregularities were 
synthetically engineered and tailor made. See, U.S. Patent Ho, 4.623,597. the disctosure of 
which is incorporated by reference. The term "disordered," as used herein corresponds to the 
meaning of the term as used in the literature, such as the following: 

[Disordered material] can exist in several stmctural states. This structural 
factor constitutes a new variable with which the physical properties of the 
(material] ... can be controlled. Furiherrrwre. structural disorder opens up the 
possibility of preparing in a metastable state new compositions and mixtures 
that far xceed the limits of thermodynamic equilibrium. Henc .we note the 
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following as a further distinguishing feature. In many disordered (materials] 

it is possible to control the srwrt-range order parameter and thereby achieve 

drastic changes in the physical properties of these materials, including forcing 

new coordination numbers for elements.... S. R. Ovshinsky, The Shape of 

Disorder, 32 Journal of Non-Crystalfine Solids at 22 (1979). 

The "short-range order* of disordered materials Is explained further by Ovshlnsky in 

The Chemical Basis of Amorphicity: Stmcture and Function, 26:8-9 Rev. Roum. Phys. at 

893-903(1981): 

[S]hort-range order is not conserved .... Indeed, when crystalline symmetry is 
destroyed. It becomes Impossible to retain the same short-range order. The 
reason for this is that the short-range order is controlled by the force fields of 
the electron orbitals. Therefore, the environment must be fundamentally 
different in corresponding crystalline and amorphous solids. In other words. 
It is the interaction of the local chemical bonds with their sunounding 
environment which detennines the electrical, chemical, and physical properties 
of the material, and these can never be the same in amorphous materials as 
they are in crystalline materials... The ort>ital relationships that can exist in 
three-dimensional space In amorphous but not crystalline materials are the 
basis for new geometries, many of which are inherently antl-crystalline In 
nature. Distortion of bonds arxl displacement of atoms can be an adequate 
reason to cause amorphicity in single component materials. But to 
suffidentty understand the amorphicity. one must understand the 
three-dimensional relatlortships inherent in the amorphous state, for I is they 
which generate Interruil topology incompatible with the translational symmetry 
of the crystallirte lattice .... What is important in the amorphous state is the 
fact that one can make an infinity of materials that do not have any crystalline 
counterparts, and that even the ones that do are similar primarily in chemical 
composition. The spatial and energetic relationships of these atoms can be 
entirely different in the amorphous and crystalline forms, even though their 
chemical elements can be the same.... 

Short-range, or local, order is elaborated on in U.S. Patent No. 4.520,039 to Ovshinsky, 
entitled Compositionatly Varied r^ateriats and Method tor Synthesizing the Materials, the 
contents of which are incorporated by reference. This patent discusses how disordered 
materials do not require any periodic local order and how. by using Ovshinsky*s technkfues. 
spatial and orientational placement of similar or dissimilar atoms or groups of atones is possble 
with such increased precision and control of the local configuratk>ns that it is possible to 
produce qualitatively new phenomena. In addition, this patent discusses that the atoms used 



wo 95/14311 



PCT/US94/i2297 



9 

need not be restricted to "d bancf or "f band" atoms, but can be any atom in which the 
controUed aspects of the interaction with the local environnient plays a significant role 
physically, electricaliy, or chemicafly so as to affect the physical properties and hence the 
functions of the materials. These techniques result in means of synthesizing new materials 
which are disordered in several different senses simultaneously. 

By fomning metal hydride alloys from such disordered materials, Ovshinsky and his 
team were able to greatly increase the reversible hydrogen storage characteristics required for 
efficient and economical battery applications, and produce batteries having high density energy 
storage, efficient reversibility, high electrical efficiency, bulk hydrogen storage without stnictural 
change or poisoning, long cycle life, and deep discharge capability. These materials are 
discussed in detail in U.S. Patent No. 4.623.597. the contents of which are incorporated by 
reference. 

The improved characteristics of these alloys result from taibring the local chemical 
order and hence the local stmctural order by the incorporation of selected modifier elements 
Into a host matrix. Disordered metal hydride alloys have a substantially increased density of 
catatyticalty active sites aruf storage sites compared to conventional ordered materials. These 
additional sites are responsible for improved efficiency of electrochemical charging/discharging 
and an inaease in electrical energy storage capacity. The nature and number of storage sites 
can even be designed independently of the catatyticalty active sites. More specifically, these 
disordered mutti-conponent alloys are thermodynamicalty tailored to allow storage of hydrogen 
atoms at a wide range of modulated bonding strengths within the range of reversibility suitable 
for use in secondary battery applications. 

Based on these principles of disordered materials, described at)ove. a family of 
extremely efficient electrochemical hydrogen storage materials were fomiulated. These are the 
Ti-V-Zr*Nl type active materials such as dtsctosed in U.S. Patent No. 4,551.400. The materials 
of the *400 Patent are generally multiphase materials, which may contain, but are not limited 
to. one or more phases of Ti-V-Zr-Ni material with C14 and C15 type ciystat structures. Other 
ThV-Zr-Ni alloys may also be used for fabricating rechargeable hydrogen storage negative 
electrodes. One such family of materials are those described tn U.S. Patent IMo. 4.728.586 
(*1he '586 Patent") to Venkatesan. Reichman. and Fetcenko for Enhanced Charge Retention 
Electrochemical Hydrogen Storage Alloys and an Enhanced Charge Retention Qectrochemk:al 
Cell, the disclosure of which Is incorporated by reference. The '586 Patent descn'bes a 
specific sub-class of these Tl-V-Ni-Zr altoys comprising Ti, V, Zr. Ni, and a fifth component. Cr. 
The '586 patent, mentions the possibility of additives and modifiers beyond the TI, V. Zr, Ni. 
and Cr components of the alk)ys. and generally discusses specific additives and modifiers, the 
amounts and interactions of these niodifiers. and the particular benefits that ooukJ be expected 
from ttiem. 
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The V-Ti-Zr-NJ tamiiy of alto/s described in the '586 Patent has an InherentI/ higher 
discharge rate capability than previously described alloys. This is the resutt substantially 
higher surface areas at the metal^electrolyte interface for electrodes made from the V-TVZr-Ni 
materials. The surface roughness factor (total surface area divided by geometric surface area) 
of the V Ti-Zr-Ni is about 10,000. This vatue indicates a very high surface area The validity 
of this vatue is supported by the inherently high rate capability of these matenals. 

The characteristic surtace roughness of the metal electrolyte interface is a resutt of the 
disordered nature of the material. Since all of the constituent elements, as weP as many alloys 
and phases of them, are present throughout the metal, they are also represented at the 
surfaces and at cracks which form in the n>etal/electrolyte interface. Thus, the characteristic 
surface roughness is descriptive of the irtteraction of the physical and chemical properties of 
the host metals as weO as of the alloys and crystatographic phases of the alloys, in an aOcaline 
environment. The microscope chemical, physical, and crystallographic parameters of the 
individual phases within the hydrogen storage alloy niaterial are believed to be important in 
determining its macroscopic electrochemical characteristics. 

In addition to the physical nature of its roughened surface, it has been observed that 
V-TnZr-Ni alloys tend to reach a steady state surface condition and parfide size. This steady 
state surface condition is characterized by a relatively high cor)centrat{on of metallic nickel. 
These observations are consistent with a relatively high rate of removal through precipitation 
of the oxides of titanium and zirconium from the surface and a much lower rate of nickel 
solubilization. The resultant surface seems to have a higher concentration of nickel than would 
be expected from the bulk composition of the negative hydrogen storage electrode. Nickel in 
the metallic state is electrically conductive and catalytk:. imparting these properties to the 
surface. As a resutt, the surface of the negative hydrogen storage electrode is more catalytic 
and conductive than if tl^ surface contained a higher concentratk)n of insulating oxkles. 

The surface of the riegative electrode, which has a conductive and catalytic component 
- the metallic nickel - appears to interact with chromium altoys in catalyzing varkHJs hydride 
and dehydrfde reaction steps. To a large extent, many electrode processes, including 
competing electrode processes, are controlled by the presence of chromium in the hydrogen 
storage alk>y material, as disclosed in the '586 Patent. 

Simply stated, in the AB5 alloys, like the V-Ti-Zr-Ni aOoys. as the degree of 
modificalion increases, the role of the initially ordered base altoy is of minor importance 
compared to the properties and disorder attributable to the particular modifiers. In addition, 
analysis of the cun-ent multiple component AB5 alloys indicates that current AB5 aUoy 
systems are modified following the guidelines established for V-Ti>Zr-Ni based systems. Thus, 
highly modified AB5 alloys are identical to V-Ti-Zr-Ni based altoys In that both are disordered 
matenals that are characterized by muttiple-componems and multiple phases and there no 
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longer exists any signiftcant distinction between mutlicomponem, nnultiphase V-ThZr-Ni based 
altoys and AB5 afloys. 

In rechargeable a&^aline cells using a ruckel hydroxide positive electrode, the nickel 
hydroxide changes back and forth t>etween Ni(0H)2 and NiOOH as the cell is charged and 
discharged. Bode, et aL, described th^ relationship t>etween the different structural phases that 
occur in such an electrode as presented In 11 Electrochem. Acta 1079 (1966). These 
structures represent plates of crystallized nickel hydroxide positive electrode material held in 
position by a variety of ionic species, in unrnodif led nickel hydroxide electrode nDaterials cycling 
occurs from the beta>(ll)phase and the t)eta>(lll) phase stmctures because they are the most 
stable. During such cycling one electron is transferred. The theoretk:al specific capacity of the 
nickel hydroxide active material based on this reaction is 289 mAh/g. 

In contrast to beta phase cycling, alpha-gamma phase cyclirig appears to involve the 
transfer of at least 1.5 electrons. (See. for example, diva et al.. 6 J. Power Sources 229 
(1982)). Multiple electron transfer materials having increased cell capacity are described in 
detail in U.S. Patent Appiicatk)n No. 08/027.973 (the contents of which are incorporated by 
reference). These materiats exhbrt a 1.7 electron oxidation with a nickel valence of 3.67 
according to equation. 

SUMMARY OF THE INVENTION 
The present application is a solkJ state battery comprising a substrate; at least one 
muttilayered electrochemical ceQ deposled onto the substrate, each layer of the multilayered 
electrochemical cell comprising: a layer of negative electrode material capable of 
electrochemically adsorbing and desorfoing tons during charge and discharge; a layer of positive 
electrode material capable ol etectrochemicaily desorbing and adsort)ing k>ns during charge 
and discharge; and a layer of insulating/conducting material disposed between the layer of 
positive electrode material and the layer of negative electrode material, where the layer of 
tnsulating/conductir)g arterial is electrically insulating and capable of readily conducting or 
transporting ions trom the layer positive electrode material to the layer of negative electrode 
material while the battery is charging and from the layer of negative electrode material to the 
layer of positive electrode material while the battery is discharging; and an electrically 
conductive layer deposited a top the last of the at least one multilayered electrochemical cells, 
the electrically conductive layer providing one t>attery terminal. 

In a preferred embodiment, the positive electrode layer inckides at least nickel 
hydroxkle and the negative electrode materiai includes at least a metal hydride, which may be 
a disordered, multiphase, multicomponent metal hydride material. The solid state proton 
conducting material includes at least a hydnogenated electrical insulator material, which may 
be a hydrogenated silicon nitride material. The hydrogenated silicon nitride material preferably 
has an atomic ratio of between 20 and 50 atomic percent hydrogen, between 20 and 40 atomic 
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percent silicon and between 20 and 50 atomic percent nitrogen. Preferably the substrate 
material is tormed trom an electrically conductive matenal and acts as one of ttie electrical 
terminal of the battery. However, the substrata material may be electricaBy insulatirig with an 
electrically conductive material deposited on It. The deposited electrically conductive material 
acts as the one of the battery terminals. When the battery ir)ckides more than one multi- 
layered cell, current collector material layers are deposited between the positive electrode of 
one cell and the negative electrode of the adjacent cell. Typically, the electrically conductive 
battery terminals and the current collector material layers are formed from non-reactive metals 
such as nidtel. 

A second embodiment of the present invention includes a soOd state electrolyte. The 
solid state electrolyte is electrically non-conductive while at the same time being readily 
conductive to protons. The solid state electrolyte preferably is a hydrogenated electricatty 
insulating material, such as a hydrogenated silicon nitride matenal The hydrogenated sISoon 
nitride solid state electrolyte of the present invention preferably includes, by atomic percentage 
between 20 and 50 percent hydrogen, between 20 and 40 percent silicon, and between 20 and 
50 percent nitrogen. 

BRIEF DESCRIPTION OF THE FIGURES 
Figure 1 is a cross-sectional depiction of a first embocfiment of the soOd state battery 
of the instant invention specifically illustrating the individual layers thereof; 

Figure 2 is a cross-sectional depiction of a second embodiment of the solid state 
battery of the instant invention specifically aiustrating the individual layers thereof, including 
plural electrochemical cells and cunerX collectors therebetween. 

DETAILED DESCRIPTION OF THE INVENTION 
Figure 1 is a cross-sectional depiction of a thin-film soOd state battery of the present 
invention. Specifically, reference numeral 1 is the substrate of the thin-film battery. The 
substrate provides support for the battery and may also serve as the bottom electrical tenninal 
of the banery. Substrate 1 may be formed from an electrically conductive metal such as 
aluminum, nickel, copper or stainleess steal, or it may be formed from a Ight weight, electrically 
insulating polymer or ceramic material. If the substrate 1 is formed of an electrically insulating 
material, then an electrically conductive bottom battery terminal layer 2 is deposited onto the 
substrate. The material used to form the battery terminal layer 2 may be an electrically 
conductive metal such as aluminum, nickel or copper, or may even be an electrically conductive 
ceramic or oxide material. For maximum weight savings, the substrate 1 plus any battery 
tenninal layer 2 should be only as thick as needed to perform their support and conduction 
functions. Any additional thickness wiU only increase the "dead weight" of the battery. 
Typically the total thickness of the substrate 1 plus the battery terminal layer 2 wfll not be 
greater than about 200 mterons and prelerably not greater than about 50 to 100 microns. The 
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battery terminal layer 2 is prelerabty between 1 and 5 microns thick. Deposited on top of the 
substrate 1 and battery termlnai layer 2 Is at least one multi-layered electrochemical cell. Each 
electrochemical cell includes a thin-film negative electrode layer 3, a thin-film positive electrode 
layer 5 and a thin-fllm soUd electrolyte proton conductive layer 4. 

The thin-film negative electrode layer 3 is typically between about 1 and 15 microns 
thick and is formed from a material which electrochemicaUy adsorbs and desort>s ions such as 
ionic hydrogen during charging and discharging thereof, respectively* Typically the layer is 
formed from electrochemical hydrogen storage materials such as metal hydride materials. 
These metal hydride material may be any of those already known any used in liquid electrolyte 
nk:kel-metal hydride batteries. These materials may be AB; or AB5 type metal hydride 
materials. They may be amorphous, potycrystaUlne, microcrystalline, nanocrystalOne, single 
crystal or multi-structural materials. They may include only a sir>gle compositional phase or 
may include multiple compositional phases. An extensive review of the known metal hydride 
materials useful in electnxhemical cells is given in U.S. Patent No. 5,096,667, the discbsure 
of which is incorporated herein by reference. 

In addrtk)n to the known metal hydride materials, new metal hydride systems can be 
developed to take advantage of the environmental differences between an alkaline Ik;|ukl 
electrolyte system and the new thirvftlm solid electrolyte systems. For example, in a liquid 
electrolyte system, there is generally a problem with corrosion of the electrode due to the 
caustic feature of the alcaPne electrolyte. Therefore, elements which provkle corrosion 
resistance must be added to the negative electrode material to mitigate corrosion damage. In 
the solid electrolyte system of the present invention, no such corrosion problems will occur due 
to the absence of caustic ric^ids and as such, no corrosion inhibitor materials wiH need to be 
added to the negative electrode. 

Alternatively, for lithium ion systems, the negative electrode layer can be fomted from 
a material such as lithnjm nickelate (LiNiOJ, lithium cobaftate or (LiCoOJ lithium manganate 
(UMnOJ. 

The positive electrode layer 5 is typically between 5 and 20 mk:rons thick and is f orn>ed 
from a material which electrochemtcally desorbs and adsort>s \ons such as ionic hydrogen 
during charging and discharging thereof, respectively. TypicaOy the layer is formed from a 
transition metal hydroxide such as nickel hydroxide material The nickel hydroxide material can 
be any of those material known in the prior art for use in rechargeable battery systems. They 
may also be advanced active materials like the locally ordered, disordered, high capacity, long 
cyde ite positive electrode material disclosed in U.S. Patent Application Serial No.s 7/975.031 
filed November 12, 1992 and 8/027,973 filed March 8. 1993, the disclosures of which are 
incorporated herein by reference. These materials include a solid solution nickel hydroxide 
electrode material having a multiphase striicture and at least one oompositbnal modifier to 
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promote said muhiphase structure. The multiphase structure comprises at least one 
potycrystailine rPl^ase Including a polycrystalUne rphase unit ced comprising 
spacedly disposed plates with at least orte ion incorporated around the plates, 
the plates having a range ol stable intersheet distances con'esponding to a 2^ 
oxidation state and a 3.5** or greater, oxidation state. The compositional modifier is a nnetal, 
a metaOic oxide, a metallic oxide aNoy. a metal hydride, and/or a metal hydride alloy. 
Preferably the compositional modifier is chosen from the group consisting of At. Bl, Co, Cr. Cu. 
Fe. In, LaH,. Mn, Ru, Sb. Sn, TIHj, TIO, Zn and mixtures thereof. More preferably, at least 
three of these compositional modelers are used. The at least one chemical modifier 
incorporated Is preferably chosen from the group consisting of Al. Ba, Ca, Co. Cr. Cu. F. Fe, 
U. Mg. Mn. Na, Sr. and Zn. 

Also, in the case of lithium systems, lithium intercalated cart)on can be used as the 
positive electrode layer 5. 

Between the negative electrode layer 3 and the positive electrode layer 5, is deposited 
a thin-film solid state electrolyte layer 4. This layer Is typicaSy between about 0^ and 2 
microns thick, but may be as thin as 1 0DD Angstroms if the layer onto which it is deposSed has 
a low degree of surface roughness. The type of ionic conductivity required of the solid 
electrolyte is dependent on the electrochemical reactbns involved in the cell. Since the 
charging cycle electrode reactions of the instant rechargeable protontc battery are: 

M-^H* + e- -CHARGE> MH ; and 

Ni(OH)a -CHARGE> NiOOH + H* ♦ e*. 
the solid state electrolyte layer 4 which separates the positive electrode layer 5 and the 
negative electrode layer 3 must be a proton conductor. That is. the solid electrolyte material 
must be capable of readily conducting or transportlrig protorts from the positive electrode layer 
5 to the negative electrode layer 3 while the k>attery is charging and from the negative electrode 
layer 3 to the positive electrode layer 5 while the battery is discharging. The solid electrolyte 
layer 4 must also t>e electrically insulating so that the battery electrodes do not short. That is. 
the electrolyte also acts as the electrode separator. The present inventors have found that a 
hydrogenated electrical insulator has all of the characteristics required. Typically this Is a 
hydrogenated silicon nitride material, but hydrogenated silicon oxide or hydrogenated silicon 
oxynitride may also be used. Preferably the hydrogenated silicon nitride material has a 
composition, in atomic percent, of between about 20% and about 50% Hydrogen, between 
about 20% and about 40% silicon and about 20% to about 50 %. The ration of silicon to 
nitrogen is generally between about 2:1 and about 1:2. txn may be varied outside this range 
if specifically advantageous under the circumstances. 

Altemativety, for the lithium systems, the charging electrode reactions are: 

G + Lr + e" -CHARGE> LiC ; and 
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UNiOj -CHARGE> NiOj + U^ + e'. 
therefore, in the Itthium systems, a lithium conductor is needed. Solid fithtum oorxluctors useful 
as the ionic conductor layer 4 are lithiated silicon nitride (L^SiNJ, lithium phosphate (LiPOJ, 
lithium titanium phos|^te (UTiPOJ and lithium phosphonitride (UP04^N. where 0<x<l). 

A top battery terminal layer 6 is deposited on top of the positive electrode layer 5. The 
battery tenninal layer 6 is typically between i and 5 microns thick and is formed from an 
electrically conductive material such as a metal or an electrically conductive ceramic or oxide. 
Specificalty, aluminum, copper or nickel may be used. 

Turning now to Figure 2 there is depicted therein a solid state battery of the instant 
invention containing multiple stacked electrochemicat cells. The reference numeral of the 
layers of this batteiy correspond to those of the battery depk:ted In Figure 1. Additionally, 
because this battery Includes more than one electrochemical cell, a layer of current collecting 
material 7 is deposited between positive electrode layer 5 or one cell and the negative 
electrode layer 3 of the adjacent cell. This layer is formed of an electrically conductive material 
and is typically between 1000 angstroms and 0.5 mcrons thick. Preferably this layer is formed 
from a metal such as aluminum, copper or nickel and is resistant to the conductbn of protons. 

EXAMPLE 1 

A one square meter multiple cell thin-film solid state battery of the type depkrted in 
Figure 2 having 10 ceils will serve as an example of the efficacy of the present design. Each 
cell contains a positive elearode layer 5 which Is formed from conventk)nal nickel hydroxide 
and is about 10 microns thick. Each cell also contains a negative electrode layer 3 of metal 
hydride material and is about 4 microns thick. Finally each cell contains a solid state electrolyte 
layer 4 fonned from hydrogenated silkx)n nitride material and is about 2 microns thick. 
Between the cells are current collector layers 7 whch are formed of aluminum and are about 
0.5 microns thick. The cells are deposited onto an aluminum substrate 1 which also senses 
as the bottom battery terminal 2. The substrate 1 is at>out 100 microns thick. On top of the 
positive electrode layer 5 of the final cell is deposited a top battery terminal layer 6 which is 
formed of aluminum and is about 5 microns thick. 

This battery woukf have a Specific Capacity cateulated as follows: 

1) Basis 1 m*. 1 e" transfer 10 positive electrode layers formed from Ni(OH), 

2) Density of Ni(0H)2 «= 3.95 g/cm* 

3) Total volume of 10 NitOH)^ layers - 10*(1m)*(1m)*(10 x lO'm) = i x 10*^ m* 
or 100 cm' 

4) Total weight of 10 Ni(OH)j layers » (3.95 g/cm')"(100 cnrr^ = 395 g Ni(OH), 

5) Charge capacity of Ni(OH)j i 289 mAh/g 

6) Total capacity of 10 NilOH), layers - (289 mAh/g)*(395 g) - 114115 mAh s 
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114.1 Ah 

7) Charge capacity of metal hydride material - 400 mAh/g 

8) Weight of metal hydride needed to equal 1 14.1 Ah « (1 14.1 ahr(1g/.400 Ah) 
«285g 

5 9) Volume of substrate - Mm)*|1m)'(l00 X 10-^) - 1 X lO-W « 100 crv? 

1 0) Weight of substrate - (2.7 g/cnf)*(l 00 cm*) - 270 g 

11) Total volume of 10 hydrogenated sOicon nitride layers « 10*(1m)*(1m)*(2X 10* 
•)-2xlO'W«20cm* 

12) Total weight of 10 hydrogenated silicon nitride layers • (1.7 g/cm*)*(20 cm*) 
10 »34g 

13) Total volume of 9 current collector layers = 9*(lm)*(lm)*(0^ X 10*m) - 4.5 
X 10*m^«45cnn? 

14) Total weight of 9 cun-ent collector layers « (2.7 g/cmr*)*(4.5 cnf) » 12.15 g 

15) Volume of top battery temyr^al - (lmr(lm)*(5 X 10'*m) - 5 X lO^m* - 5 cnf 
15 16) Weight of top battery terminal ■ (2.7 g/cm')*(5 cm=*) - 1 3.5 g 

17) Total battery weight - (395 g)+(285 g)4(270 g)+<34 g)4<12.15 g)+(13.5 g) - 
1009.65 g- 1.01 Kg 

18) Specific capacity is (114.155 Ah)/(1.00965 Kg) « 113.1 Ah/Kg 

19) Energy density is (1 .4 V)*(1 13.1 Ah/Kg) « 158.34 Wh/Kg 

20 20) Volume of battery = (lm)*(1m)'(250 X 10^) » 2.5 X lO'^m' - 0.25 I 

21) Volumetric energy density is (114.155 Ah)*(1.4 V)/(0.25 Q - 639.3 Wh/t 

EXAMPLE 2 

Anottier example of the solid state battery having the same structure and dimensions 
as that in Example 1 . but using advanced nickel hydroxide active nutteriats and assuming about 
25 1 .7 electron transfer give a specific capacity as calculated below. 

1) Basis 1 m^. 1 .7 e' transfer; 1 0 positive electrode layers fonned from advanced 
Ni(0H)2 material 

2) Density of Ni(OH)j =» 3.95 g/cnf 

3) Total volume of 10 H\{OH)^ layers - I0*(lm)*(lm)*(l0 x lOr^) - 1 X 10^ m' 
30 or 100 cm' 

4) Total weight ot 10 Ni(OH)j layers = (3.95 g/cm^*(100 cm*) . 395 g Ni(OH), 

5) Charge capacity of Ni(OH)j - 483 mAh/& 

6) Total capacity of 10 Ni(0H)2 layers - (483 mAh/g)'(395 g) » 190785 mAh o 
1903 Ah 

35 7) Charge capacity of metal hydride material = 400 mAh/g 

8) Weight of metal hydride needed to equal 190.6 Ah » (190.8 ah)*(ig/.400 Ah) 
-477g 
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9) Vokjme of substrate - |lm)*(1mr(100 X 10 "m) - 1 X 10^ - 100 or? 

10) Weigm of substrate - (27 g/crn^*(100 cn^) - 270 g 

11) Total volume of 10 hydrogeruted silicon nitride layers - 1 0*(1m)V1m)*(2 X 10' 
*)»2xlO-W = 20cm* 

5 12) Total weight of 10 hydrogenaled silicon nitride layers « (1.7 g/crrf')*(20 crrf) 

»34g 

13) Total voUinrve of 9 current collector layers « 9*(1m)*(lm)'(0.5 X 10^) « 4£ 
Xl0-*m^ = 4.5cm» 

14) Total weight of 9 current collector layers « (2.7 g/cnr*)'(4.5 cnf) - 12.15 g 
10 15) Volume of top battery temninal - (lm)*(lm)*{5 X 10^) = 5 X 10*W - 5 cm* 

16) Weight of top battery terminal - (2.7 g/cm*)*(5 cm*) » 13J g 

17) Total battery weight = (395 g)+(477 g)+{270 g)+(34 g)+(12.15 g)+(13.5 g) « 
1201.65 g= 1.20165 Kg 

18) Specific capacity is (190.785 Ah)y(1 .20165 Kg) = 158.8 Ah/Kg 

15 19) Gravimetric energy density is (1.4 V)*(15B^ Ah/Kg) = 222^2 Wh/Kg 

20) Volume of battery » (lm)*(lm)*(250 X 10^) - 2.5 X lO^^m^ - 0.25 I 

21 ) Volumetric energy density is (1 90.785 Ah)*(1 .4 V)/(0.25 I) » 1 068.4 Wh/I 

EXAMPLES 

Next* a battery similar to that disclosed in Example 1 except that the protonic system 
20 was substituted by a lithium system is presented. Each of the 10 ceOs contains a positive 

electrode layer 5 which is formed from lithium nicketate (LiNiP;) and is about 10 microns thick. 
Each ceO also contains a negative electrode layer 3 of cartx)n material and is about 4 microns 
thick. Finally each cell contains a solid state electrolyte layer 4 formed from lithiated silicon 
nitride material and is about 2 microns thick. Between the cells are current coDector layers 7 
25 which are fomted of alumlrHim and are about 0.5 microns thick. The cells are deposited onto 

an aluminum substrate 1 which also serves as the bottom battery temninal 2. The substrate 
1 is about 100 microns thick. On top of the positive electrode layer 5 of the final ceB is 
deposited a top battery tenninal layer 6 which is loaned of aluminum and is about 5 nnicrons 
thick. 

30 This batt67 would have a Specific Capacity calculated as follows: 

1) Basis 1 m^. 1 e' transfen 10 positive electrode layers tomned from UNiO^ 

2) Density of LiNiOz = 4.78 g/cm* 

3) Total volume of 10 LiNi02 layers » 10*(1m)*(1m)*(10 x I0"®m) - 1 X 10"^ nr* 
or 100 cm* 

35 4) Total weight of 10 LiNiOj layers « (4.78 g/cm^*(100 cm*) » 478 g UNIO, 

5) Charge capacity of LiNiOj » 275 mAh/g 

6) Total capacity of 10 LiNiO, layers « (275 mAh/g)'(478 g) • 131450 mAh « 
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1315 Ah ^ 

7) Charge capacity of cart)on intercalation materlaJ ° 370 mAh/g 

8) Weight of carbon needed to equal 131.5 Ah - (131.5 Ahnig/.37 Ah) - 355.3 

g 

5 9) Volume of substrate « (1m)'(1m)*(100 X 10%)) » 1 X 10-*m* - 100 cm* 

10) Weight of substrate - (2.7 g/cnr*)*(100 cnrf) » 270 g 

11) Total volume of 10 lithiated silicon nitride layers » 10*(im)*(lm)*(2 X 10^ - 
2x 10-*m'-20cm' 

12) Total weight of 10 lithiated silicon nitride layers » (1.7 g/cm^*(20 cm^ - 34 g 
10 13) Total volume ot 9 cun-enl collector layers » 9*(lm)'(lm)'(0.5 X I0**m) « 4.5 

X10^' = 4Jcm' 

14) Total weight of 9 cun-ent collector layers - (2.7 g/cm*)*(4.5 crri^ - 12.15 g 

15) Volume of top battery terminal » (lm)*(lm)*(5 X 10^) » 5 X 10^' « 5 cm* 

16) Weight of top battery terminal - (2.7 g/cfh*)*(5 cm*) - 13.5 g 

15 17) Total battery weight - (478 g)+(355.3 g)+(270 g)+(34 g)+(12.15 g)+(13.5 g) - 

1162.95 g- 1.16 Kg 

18) Specific capacity is (131.450 Ah)/(1.16 Kg) . 113.0 Ah/Kg 

19) Energy density is (3.8 V)*(113.0 Ah/Kg) » 429.5 Wh/Kg 

20) Volume of battery - (1m)*(1m)*(250 X 10%) • 2.5 X lO^'m* « 0.25 I 

20 21) Volumetric energy density is (131.450 Ah)*(3.8 V)/(0.25 0 « 1998.04 Wh4 

Therefore, It can clearly be seen that the solid state baneries of the present invention 
show tremendous promise for commercial, industrial and consumer uses. Particularly, with 
regard to the gravimetric and vokimetric energy densities shown at)ove, application of these 
batteries to electric vehicle would be highly advantageous. 

25 It is to be understood that the disclosure set forth herein is presented in the form of 

detailed embodiments described for the purpose of making a full and complete disclosure of 
the present invention, and that such details are not to be interpreted as lim&ing the tme scope 
of this invention as set forth and defined in the appended claims. 
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We claim: 

1. A solid state battery comprising: 
a substrate; 

ai least one muttilayered etectrochemtcal ceQ deposited onto said 
substrate* each layer ol said multaayered electrochemical cell comprisinQ: 

a layer of negative electrode material capable of electrochemicalty 
adsorbing and desorbing ions during charge arid discharge; 

a layer of positive electrode material capable of efectrochemicalty 
desorbing and adsorbing ions during charge and discharge; and 
a layer of insulating/conducting material disposed between said layer of positive 
electrode material and said layer of negative electrode material, where said layer of 
insulating/conducting material ts electrically insulating and capable of readily conducting or 
transporting ions from said layer positive electrode material to said layer of negative electrode 
material while said battery is charging and from said layer of negative electrode material to said 
layer of positive electrode material white said battery is discharging; and 

an electrically conductive layer deposited a top the last of said at least one muttilayered 
electrochemical cells, said electrically conductive layer providing one battery terminal. 

2. The solid state battery of claim 1, wherein said layer of negative electrode 
material and said layer of positive electrode material are capable of electrochemicalty desorbing 
and adsorbffig protons during charge arxj discharge; and said layer of insulating/conducting 
material conducts or transports protons between said layer of positive electrode material and 
said layer of negative electrode material. 

3. The soOd state battery of dalm 1. wherevi said layer of negative electrode 
material, said layer of positive electrode material, and said layer of insulating/conducting 
material are all thin film materials. 

4. The solid state battery of datm 2. wherein said layer of negative electrode 
material, said layer of positive electrode material, and said layer of insulating/conducting 
material are alt thin film materials. 

5. The soOd state battery of claim 3. wherein said layer of positive electrode 
material comprises a material chosen from the group consisting of a transition metal hydroxide 
and LiNiOj. UCoO^. and UMnO,. 

6. The solid state battery of claim 4. wherein said layer of positive electrode 
material includes at least a transition metal hydroxide. 

7. The solid state battery of claim 5. wherein said transition metal hydroxide is a 
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nickel hydroxide material which provides approximately one electron trartsfer. 

8. The soSd state battery of daim 6. wherein said transition metal hydroxide is a 
nickel hydroxide material which provides approximately one electron transfer. 

9. The solid state battery of daim 5» wherein sakj nickel hydroxkie material 
5 provider approximately 1 .7 electron transfer. 

10. The solid state battery of claim 6. wherein said nickel hydroxide material 
provides approximately 1.7 electmn transfer. 

11. The solkl state battery of datm 3. wherein sakJ layer of negative electrode 
material includes hydrogen-lithium storage compounds. 

10 12. The solkJ state battery of daim 3, wherein said layer of negative electrode 

material is chosen from the group consisting of a metal hydride material and a cartxn material 

that intercalates lithium. 

13. The sdU state battery of claim 12, wherein said layer of negative electrode 

material includes a metal hydride material. 
15 14. The solid state battery of claim 12. wherein sM layer of negative electrode 

material is disordered. 

15. The sofkJ state battery of daim 1, wherein said layer of negative electrode 
material is disordered. 

16. The solki state battery of daim 1, wherein sak) layer of negative electrode 
20 material is a single phase or mutt^ase polycrystaUine material. 

17. The soUd state battery of daim 16. wherein saki layer of negath/e electrode 
material is a rrult^hase polycrystalline material. 

18. The solkl state battery of daim 1 . wherein sakf layer of insulating/'conducting 
material incbides is a lithiated electrically insufatirig material. 

25 19. The solki state battery of daim 2, wherein sakS insulating/conducting material 

indudes a hydrogenated eledrically insulating material. 

20. The solid state battery of daim 2. wherein sakf insulating/conduding material 
includes a hydrogenated silicon nitride material. 

21 . The solid state battery of daim 2, wherein sakJ insulatir^g/coruiudlng material 
30 Is a hydrogenated silicon nitride film comprising: 20 to 50 atomic % hydrogen. 20 to 40 atomic 

% silicon, and 20 to 50 atomic % nitrogen. 

22. The solkJ state battery of claim 3, wherein sakl substrate is electrically 
conductive and acts as a second eledrical terminal of sakj t)attery. 

23. The solkj state battery of claim 4. wherein said substrate is electrically 
35 conductive and acts as a second eledrical terminal of saki t>attery. 

24. The solid state battery of claim 3. wherein 
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said substrate is electricaily tnsulative and 

an etectncaily conductive material layer is deposited onto said sut>strate, said 
electrically conductive material layer acting as a second battery terminal. 

25. The solid state battery of claim 4. wherein 
said substrate material is electrically insulative and 

an electrically conductive materia) layer is deposited onto said substrate^ said 
electricaily conductive material layer acting as a second battery terminat. 

26. The solid state battery of claim 1 , comprising: 
more than one of said muttitayered electrochemical celts and 

further comprises: 

current collector material layers deposited between said layer of positive electrode 
material of one multilayered electrochemical ceU and said layer of negative electrode material 
of an adjacent multilayered electrochemical cell. 

27. The solid state battery of claim 2, comprisirtg: 
more than one of said multilayered electrochemical cells and 

further corrprises: 

current collector material layers deposited between said layer of positive electrode 
material of one multilayered electrochemical cell and said layer of negative electrode rruUerial 
of an adjacent multilayered electrochemical cell. 

28. The solid state battery of claim 24, wherein said electrically conductive material 
layer includes nickel. 

2d. The solid state battery of claim 25, wherein said electrically conductive material 
includes nickel. 

30. A solid electrolyte, said so\t6 electrolyte characterized by being electrtcalty non- 
conductive while at the same time being readily conductive to protons. 

31 . The so&d electrolyte of claim 30, wherein said electrolyte is formed from a 
hydrogenated electrically insulative materia). 

32. The solid electrolyte of claim 31, wherein said hydrogenated electrically 
insulative material is a hydrogenated silicon nitride material. 

33. The soOd electrolyte of claim 32. wherein said hydrogenated silicon nitride 
material includes, by atomic percentage, between 20% and 50% hydrogen, between 20% and 
40% silicon and between 20% and 50% nitrogen. 

34. The solid state battery of claim 1 , wherein 

said negative electrode material comprises at least one component chosen 
from the group consisting of a metal hydride and carbon material that intercalates lithium; 

said positive electrode material comprises at least one component chosen from 
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the group consisting of UNiOj. UCopj. and LiMnOj; and 

said insulating/conducting materiaJ comprises at least one component cfiosen 
from the group consisting of UPO„ UTiO^. UPO^,N, where x - 0 to 1. and U^iN^. 
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